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EFFECTS ON LONCWIWDM4L STABILITY AND CONTROL CHARACTERISTICS

OF ii BOEING B-29 AIRPLANE OF VARIATIONS Ill STICK-FORCE AND

CONTROL-RATE CHARACTERISTICS OIITAD?JEII THROUGH USE

OF A BOOSTER IN THE ELEVATOR-CONTROL SYSTENI 1

By CEARLES W. MATHEWS. DOXALD B. TALMAGE. and JAMES B. W’HI~TEX

SUTI}lARY

The longitudinal slabdity and control chara&ristics iif a.
B1wing B–W airplane hare been mea.wwi with a booster incor-
porated in the eh cater-contro[ sysfem. Tests were made to
determine the e-fects on the handting qualities Oj the test ab=-
plane gf variations in. the pilot’s co fitrol=force gradients CMwell
as [he <fects of rati.ations in the maximum rate of control
motion supplied by the bwster, ~y~tem.

The carnations qf elecator-control force with normal acce[er-
U[;(IIL-for the test airplane without boost were about 90 pminds
per g at an indicated airspeed of 160 miles per hour and about
lJO pounds per g at 950 miles per hour. These control forces
were conm”deredby the pilots to be tolerable but heary. l-<w?of
th< booster to reduce these control: fvrce gradient~ by a factor of
ab(iuf 2.8 appreciably iraprot d the control charactem”stics qf the
tt.d airplane. Re,]uction of the force gradients by a fa<tor of
shout .$.6 through we of the bwster also resulted ia sati.sfaciory.
control characteristics in. terms ~f the pi[ok’ opinions qf their
ability to control [he airplane precisely in normal flight ma-
n( uwrs, although these force gradients were not so desirable as
11-iththe boost ratio ~f .2.8. The gffect of these lmrer force gra-
([ients on the probability of exceeding the limit load factor could
not be incestqated.

The results of ihe conh=ol-rateinstigation indicate that large
a Lrp[anes may ha ce satisfactory ha [Ld[ing qualities u?”th the
h(wvter adjusted to gire much lower rates of control motion than
those normally used by pilots. During landings of the test air-
p[an~, high rates of con~rol motion were wed by the pilots both
without the booster and with the booster operaiing under condi-
tiofi~ vhere high control rates were arailable from- the sysiem,
hut other landings, which were made uith the ra~e qf e(ecator
motion restricted to values as low as 7° per second, were satis-

jaetory from the standpoint of ~he pilots’ op!nions of the
ha ndiing qualities o.f the airplane.

1XTRODUCTION

There is a current trend to the use of booster systems for
operating the coutro~ surfaces of airplanes. The use of
boosters restits primariIy from a need for alleviating the
iarge control forces associated with large airpIanes, for im-
proving the maneuvering capabilities of high-speed fighter

airpIanes where control detleetions m-e limited by the physica~
capahiIities of pilots, and for impro%-ing the control-force
characteristics where the aerodynamic hinge moments of the___
controI surfaces baw unsatisfactory variations.

Because the requirements for boosters in~olve considera-
tion of tly airp~ane and the piIot, the A-ationaI Advisory
Committee for Aeronaut ics has undertaken a flight investi- __
gation of a booster system installed in the elevator-controI
system of a Boeing B–29 airpIatw. An analysis an(l bencb
test of this booster are presented in reference 1.

WheD boosters are used, tw-o aItwnatives exist with r+
gard to the provision ‘of pilot’s control forces. For many
systems a given percentage of the aerodynamic hinge moment
on the contro~ surfare is fed back to the pilot’s stick w-bile
for other systems, w-here the aerodynamic binge moments
have unsatisfactory variations, no feedback of the aero-
dynamic forces is protided and the stick forces are created
mechanically. The present. imvestigat ion was concerned
with the type of system which provides for a feedlmck of the
aerod.ynamie forces. The test booster system had prorkion
for -rarying the ma~witude of this force feedback over a
wide range, and the effe~’ts of the magnitude of the pi}ot’s
stick forces on the handhng qua Iities of the test airpIane
were investigated.

.&other important booster parameter affecting airplane
handIing qualities is the maximum rate of control motion
supplied by the system. The test booster had provisions
for _rarying the maximum available control rate, and the
effects of such variations were investigated.

IIeasumments of the lo~gitudina~ stability and control
characteristics were obtained for the test airplane both
without the booster and with thr booster operating to pro-
vide -rarious stick-force anc[ control-rate characteristics.
ResuIts obtained from these measurements are presented
herein.

SY31BOLS

F, eIevator-controI force

L?c impact pressure
a. elevator defection
Cx norma~-force coefficient
n IimitIoad factor

1~Up~S&PS ~Ac.4 TX ~-, “EffMs cm Lmgitudiml Srability and ControI Characteristics ofa B 29.! irpkm? of Varistioms m Stick-Force ant ControI.Rate Characteristics Obtained
‘I_hrnughUse of a Efocster in the EIe}-ator.ControI System” by CharIes W. Mathews, Donald B. TaIrMge, and fames B. W~t km, 1951.
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BOOSTER INSTALLATION

A description or the booster and a dk.c.ussion of ifis oPer-
ation are given in reference 1. The schematic. arrangement

of the system is sho~vn in figure 1 and a photogrwh Of the
test unit is show-n as figure 2, The booster was installed
on the pilot’s side (left side) of the elevator-control system
of the B–29 airplane. ThLI orientation of the lroostw in the
airphrne is shown in figure 3. This booster system had
been tested previously as a bench setup. Results of these
bench tMs. reported in reference 1, show that this system is
satisfactorily free from chatter, dead spots, excessive lag,
friction, and other undesirable characteristics which might
adversely affwt. the pilot’s opinions of the handling qualities
of the test &irplane.

Several importanb features of the flight-test version of the
booster system are not described in reference 1.. .With re-
gard to variations in the magnitudes of the control forces,

N-+-l

—-

the part of the total elevator hinge moment fwl kk 10
the pilot was made adjustable through use of a manm[
controI. The ratio of tot d cont,rol force to pilot-held force
(boost ratio) is equal ,to the ratio of [he length 1 to the
length d shown in figure 1, and the manunl con Dol chwgcui
the boost rmt.ioby Irarying the position of the point A showm
in figure 1, With regar{l to variations in maximum avail-
able con.tro~ rate, this boos[er is buiIt. trroun(l a varirr]Jle-
displaccment hydraulic pump anti op~rat~~ so ~h~t LIW
velocity of the control surface is proportional to the error
in position be hveen the controI surface and the stick The
fliglrt-tes.t version of the booster was rigged so thrrt a 1!4°
error in position (referrecl to the stick) would pro[luce tlw
maximum available flon- of fluid from tl~tipump. This con-
dition corresponds to the maximum rate. of control motion”
when the con~ro] rate is not restricted by other means that
are discussed subsequently. ilechanica] stops (see fig, 1)
were pIaced in the system so that ~vhen this 1}4° error in

N[l .. .- Variab/e-diakjc emnt
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FIGUREI.—Schematic arrangement of the booster unit used in the eIevator-control system of the B-w airpIane.
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WW atttiilN{l, the stick could be moved no faster
than at a rate corresponding to the maximum of the system
{an ekvator rate of 100° per second -with no restriction).
III mldition to these t%wl stops, a set of adjnstahle stops
tv~re pIawd on the pump controI arm as a means for further
rest ricting the maximum cent roI rat e. The push-puI1 rod
to the pump cent rol arm was not rigidIy at twhed i~ut was
attached w-ith a preloded spring arrangement. This de-
viw was used so tha[, in spite of a rate restriction, the pilot
wtl[([ still move his stick (against the spring forrej at any
rat e desired until the fixe(~ stops were cent acted (I ‘4° error
i[l StiCli position}. These springs were preloaded to 8}4
Il{)anck as measured at the stick. The ratio be~w-een
motions of the control arm anti the stick vi-as 15 radians per
rfidinn.

.~ set of centering springs was instaIled on the pump controI
arm to prevent a small residual oscillation from occurring in
tlIIJ t)oost system. This oscillation has been encountered
(l[winq bench t~~~s (see. reference I) and was eliminated
thro@ use of centt’ring springs. These Sprin=%, which
<tlpply a damping force at the stick proportional to the rate
of controI motion, hat{ a comstant of 0.06 -pOun({ Sti~li force
pt’r degree per second rate-of-cent rol mot ion. .4 small
{lash pot type of viscous (Iaroper w-as connecte(l to the (writrol
urm in order to srnootb further the action of the servo~alve
~vt~it.hoperated [lie pump. The damper appIie[l 0.06.5 inch-
~~(,lmdtorque. to tbe controI arm per degree per second rate of
~ll(]tion of the controI arm. The torque on the control arm
rt’(ltlired to overcome tlw static frktion in the servowdve mas

7-— . . . . . .

E’1$:IRE Z-The bc.ostt?runit used in the elewtoramrol system of the B-29 airpkne.

0.047 inch-pound. TILe force required at the stick
come. the friction in the Iinfiages to the control arm was
approxima teIy K pound. lnstaI}ation of a controI-position
pickup on the pump control arm, how-ever, increased the
friction present at the stick to shout 1}4 pounds. This
contro~-position pickup ako increased the constant of the
eenteri~o springs by a small amount. The deetric motor
used to drive the -rariahle-dispIarement pump of the booster
unit is rated at 2 horsepower and 4,000 rpm. TILe pump
deIivers about 3.3 gallons per minute at maximum displace-
ment tind the maximum operating pressure is 1,250 pounds
per square inch. The estimated increase in the gross weight
of the test airpIane restiting from installation of the booster
unit is SO poumls; hotvevert no particular effort was made to
minimize the weight of the installation.

The booster outpllt w-asappIied to a quadrant beneath the
piIot’s stick and opwatwl the ekvator through the cable
system in the airplane. (% fig. 3.) A cam-operated cable
clamp u-as usecl m a safety device so that the pilot’s cabIe
system could be disconnected from tk quadrant in e-rent of
boost faiIure. Use of this de=i-ke w-as possible because the
cable systems to tbe eIewitor from the pilot’s and copiIot’s
stick are indepemlent in the B–29 rirplane. ln addition,
a manual]]- operated h}-drtiuIic bypass was protidecl.

The longitudinal control s}-stem of the test airplane was
select ed for the booster in-restigat ion because eIevat or-force
variations were felt to be the most critimd from handling-
qurdities com<iderations and beeause rate-of-eIerator mow-
ment is important at Ieast during Iandi~ms ancl take-offs.
The B-29 airplane was chosen for these tests bemuse it repre-
sents a large airpIane havi~~ inherentl elevator-force ~aria-
tions that are satisfactory but having eIevator forces that
are somewhat high in relation to the present handling-
qurilities requirements. The test airpIane was flown at a
gross -w-eightof shout 108,000 pounds and with the center of
gratit~- at about 2.5 percent of the mezn aero(lynamic chord.
A three-view tlraming of the B-29 airpIfine is presented in
figure 4, aml some genernl speeifimtions of the airpIane are
Iiste(l in ttibIe 1.

INSTRUMEXT~TION N/D ME.4SUREMENTS

Sttin([aril X.<C!-% instruments were used. The folIowing
table presents a list of these instruments and the quantities
that were measured:

I Massed qumtics h-.kc.ihxruulent
1

Stipksit ion . . . . . . . . . . . . . . . . . .
Ekk-ator position. . . . . ..c . . . . .
BM!SCraDmO1-WDI position...
Stick qudmnt position . . . . . . . .
Ekmtor-concroI [or@ . . . . . . . . . . .
Booster hj-dmdic pressure . . ...!
Airsp* . . . . . . . . . . . . . . . . ...--..!
Xm-ma13crelwati0n. . . . . . . . . ...!
Pitching wlmity. . . . . . . . . . . . ..~
Time . . . . . . . . . . . . . . . . . . . . . . . . . .

Mechmi@.I cmntrol PM tion recrmkr.
Electrical eontrd position recorder.
Mechtiml comrol pm.itiou recorder.
MeckmieA control position recorder.
S min<zwe wheel force rwmder.
EFdm& i~ pressure recorder.
Se-d recorder m~i indicator.
Recording md indimtirg rmrmaI mcelc
Pitch turumekr.
Timer synchronizing dl remrds.

mmetws.

I

The airspwd system utiIizerl in these tests was the serl-ice
system of the airplane. ThLI flush static orifices of this
system tirr Iocate{l on the side of tht’ fusehge just rear-mrd
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of the pilot’s cockpit. These orifices were calibrated for
p{osition error through use of an li~~.~ trailing airspeed
hwd. The airspeed used herein corresponds to the reading
of a. standard .iir Force-NTavy indicator connected to a
pito t-st atic 11cad which is free from position error. This
airspeed is equal to true airspeed llnder stand~rd sea-level
conditions.

RESULTS AND DISCUSSION

General,—.k initial phase of the investigation }vas con-
cerned with tests to determine w-heth[’r the incorporation of
the hocxster system in the B–29 airplane alterecl the control
characteristics in any way other than to cliange the magni-
tude of the control fckces.

COMMITTEEFOR .4ERONAUTICS

The measured static longitudinal stabiliiy characteristic.s
of the testuirpkine are presintecl in fkure 5 for conditions of
boostratio l(noboostj, boostratio~ .8, and lmost ratio 4.6
where hoostl ratio is defined as the ratio of tho total c.f)ntrol
force to the control force held by the pilot, In LIICfigure,
pilot’s ekrator force divided by impflct pressure J’,/~C and
e~evator deflection from neutra] 86 are pIottcd agains L air-
plane norrmd-fore.e coefficient cx. ResLdts rneasurcd in
stcadyfligl~t fort~le cleatlc,o~~dition ~]’esl~o}~~ tilfigllre~ (a),
and corresponrling rrsults arc presented in figl[re 5 (b) for
the Ianding conclition.

ikswouIdl}c cqwctecl, no alterations il~sticl<-fixcdcl~arac-
tcristics (6, against (7Jv)resultcfl from use of the booster.

.-
, ‘“

# ‘
,.$---

/--’-> .’-”+-,

f%lois

Pump control arm -+%

seat

L-64873

l: IGC’RE 3.—Orientation of bmstcr unit in B-29 air~lane.
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~lOCRE c5—Efiect of the booster on the static longitudinal stabifity characteristics of the B-29 tiirplme.

.~lthough the elevator-force variations }f-ith normal-force
cm’fficient were reduced approxinmtcly in inverse proportion
to tile lmost ratio, {Ile genera] behavior of these, variations
}VUS n{ot significantly altered by the boostet. h’ote, for
(Ixample, that t}i{’ restdts for the cIean condition (fig. 5 (a)),
both ~vith and }vitl~out boost, show thtit the controI forces
wn{led to lighten as the stalling sprwl u-as approached. The
Hight data obtained from thcscLstat it-stability tesk showed
apprterial}Iy more scatter Ivit.h boost off than with ~boost on
part icukrly at high normal-force roefllcients (Iow spwcls).
m’ (Iifferenre in the scatter obtained bet~vecn boost-on and
l)oost-off tests is a reflection of the fact tlmt the pilots
(toold attain and hold a given trim spwd more easily with the.
l)(}(wtt’r operating. This scatltt’r is probabl~- caused by the
large ma-nitude of the friction present in the elevator-
twntrol system of the test. ai~plnne (about 25 lb when
mewured on the ground}. ‘his friction was reduced aIong
with tllc aerodynamic forms through use of t.l]e booster.

In order to determine whether the booster altered the
(WL}t1’01c~mracteristics of the test, airplane under conditions
of r~pi{i control movements or w-ith the controIs free, a series
of tibrul)t pld~-ups were made, each followed by reIease of the
,(ontrol stick. Tk’se maneuvers were made both J\ritllboost

ratio 2.S and ]vithout boost. The avaikble rat(’ of control
motion for tile tests }vith boost on was 100° per swoll(l.
Time histories of the airplane motions, controI motions, ali(l
control forces obt aincd during these tests at an imliral L’L[
airspeed of 160 miles pm hour m-e presented in figure C (a)
and time histories obtained at 250 miles pcr ]~our ar~ pre-
sented in figure 6 (b). The rurves showing the rat~~of (wn-
trol motion prmented in the time histories witlk boost. on \vere
de terminecl from nwmuremcnts of the position of LIKIpump
controI arm which is proportional to control rate. Similar
variations ]T-ere not, obtained for tll[’ boos[-ofl tests k’causr

the method of mcasur[~m~nt wws not, applirtiI~Ie to tl]e dirt’ct
control system.

Comparison of tlie boost-off 211(1boost-on t.imc his(orim nt
both airspec(ls shows that. the pilot applid a Allrll more

abrupt control deflection when working against tll[’ smaller
forces encountrrd with the booster in oprrat ion. In boll]

cases the pilot intcmlc{l to apply COIl[lWl ~S abruptly as

possible. Even for the rapid control motions USC(Iin tl~r
t)oost-ou tests, no appreciable lag cxist~d IJL’LIVLXWmolion of

the stick and the control surface. (SWfig.0.) For th(’

abrupt, pull-up fit 1GOmiles pm hour with lJO(EL)ratio 2.8 t.hc
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moved at a slower rate. This characteristic was not obiec-stick-force variation shown in fiegure 6 (a) exhibits a peak
}i-llirll is not prt+wnt for tIw pulI-up without boost. This
ftjrct~pwk, whirll is in phase with the rate of control motion,
rwm[ts at lt’ast iu part from the use of centering springs on
tile p{lmp controI arm. This component of the rontroI force
opposes the controI veIocity. The force is of sigmifkwnt
nla=witucle only when this rate of eoutrol motion is wry E@

as may be seen by th lack of this force peak for the abrupt

pitI1-up, boost ou, at. 250 miles per hour w-here the stick was

tionabIe to the pilots. Results of other luindhmg-quaIi;iw
investigations have indicated thxt such forces may be
ad_rantagt’ous since a more arkquate warning of possible
Iarge normal accelerations is presentwl to the piIot w-hene~-er
controI is app~ie{l rapidly. .lnother point. worth noting from
these time histories is that the largest control rate used by
the pilot, v-hen he purpose~y attempted to apply abrupt,
control, was about 70° per seeoud.
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FIGURE 6.—Concluded.

TI)e stick-free dynamic characteristics of the test airplane I This condition results from the aforementioned co~trol

are also indicated by the time histories presented in figure 6.
For both airspeeds and for both boost conditions, the motions
of the controls and airplane following release of the stick
were deadbeat. At an indicated airspeed of 160 miles per
hour, both with and without, boost, the elev%tor did not
return to itls trim position following release of thti stick.

friction and, since the friction exists between tk booskr
and the elevator, the use of boost does not affect tho ccntcr-
ing tendency. At higher spwrls the centering tendency of
the eIevaLor was much improved bwause of the larger ulagni-
tude of the aerodynamic hinge moments in reIation to the
control friction. (See @g. 6 (b).)
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Control-force investigation.-The wwiations of eIevator
force with normal acceleration (in g units) as measured in
tIIrns are prtwntw[ in figure 7 for various ~aIues of boost
rat io. Variations are sho-im for indicated airspeeck of 160,
ZII(”I,am[ 2.50 mifes per hour in figures 7 (a), T (b), and
7 (c 1, respective]}-.

Thp IIse of the booster in the B-29 airplane clecreaseri the
t~lk?vator-force <gradients in approxtimriteI}- inverse proportion

tO the lWOSt ratio but otherwise did Dot siqificantIJ- affect

tllti control characteristics of the test airplane in stetidy
turning flight. .k indicated in figure 7, the control-force
grzlclients of the tw airpIane increased w-ith increas~~ air-

speed. l}-ithout boost and at an indicated airspeed of ?50
miles per hour, the force gradient is about 140 pounds per g
tmrrnal acceleration; whereas at 160 miles per hour the force
gradient is about 90 poun{k per ,g. The piIots conc[wting
thdse tests felt thlt the control forces encount wed tit bout
Iwwt were tolerable bIlt heavy. The Iarge force gradients
at ll”~h speeds contribute to piIot fatigue n-hen fl~-ing in for-
mat ion, tlying through rough air, or fly@ under other con-
(Iitions where frequent controI applications are required.
The decrease in force gradient with decreasing airspeed,
h{lwwwr, had the advantage of improtirg the handling
qualities of the Lest airplane cluring Iandingg o_rer those

60

~
[ 1 1 I I I 1

A&mar acce!erafibn, g

[a) Indicated afmpeed; 160 miles per hour,

FIc vu T.—E ffect of the Lwster on the wwiat[on of elevzror.mntrd form with normal
acceleration for the B-29 airpkne K rnmsumd in turns.

existkg for se-reral other large airplanes. Because of this
decrease with speed, the test airplane with boost off could be
kmded w-ith one hand on the controI wheel and without the
necessity for retrimming when tile power is cut prior to ground
contact although the forces mere. high under this condition.

With the booster operating at boost ratio 2.8 the control-
force gradients measured in turns ~ere reduced to about 30
pounds per g at 160 miIes per hour and to about 50 pounds
per g at 250 miIes per hour. In the opinion of the test,
pdots, force gradients of these magnitudes were much more
desirabIe than those encountered without boost. The max-
tiLLDI permissible norms} accderation could be obtained Et
high speed without an objectionabIJ- large amount of pilot
effort, but the gradients were still Iarge enough to protide
the pilot with adequate control feeI. The longitudinal corl-
troI characteristics of the airplane during Iandings were
consiclerec~ excellent. Vilth the lolver force gradients, the
pflots found that errors in the approach just prior to ground
contact were e~=ier to correct so that good ‘(touchdowns’}
could be made e~en with relatively poor approaches.

‘TE%imm
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k sho~vn in figure 7, use of boost ratio 4.6 result e.tlin force
gradients of the test airplane of about 30 pounck per g at
250 nli]es per ~ou~ fLnd about 20 pounds per Q at 160 miles
pm hour. h piIots, Ikowever, still considered force gradients
of t,heso magnitudes satisfactory and, although these gra-
dients were not so desirabk as those obtained with boost.
ratio 2.8, they were more desirable thtin the gradients ob-
tained without boost from consickration of the handling
qualities. PossibIy this opinion might, htil’e lMeLIultered if
the force gradients of the test airplane had not, increased
with speed. ‘l%is contention is borne out to some extent by
the test results for boost ratio S,2; under this condition, the
force gradient was about 17 pounds pm g at 250 miles per
hour, but thc~ gradients were considered undesirably light
by the pilots throughout, tile spocd range of the tests.

COMhI ITTEE FOR .4ERONAUTICS

The control-force gradients spwifiwl as satisfactory in

present handIing-quaIities requirements for the airplam~ ck+
which includes the test tiirplane are given in the follo]ving
form (reference 2):

Nlaximum force per g -#+

Ik’linimnn! force p~r g ,~- -.

‘where n is defined as the ]imit ]oad fa{!tor tln~ is inc’lUde(] !ls

an inkgraI part of the spwificatioll in an attempt k cmn-
pensate for diff(,rences in the st.rcngth of airplanes. ml
relationship b(’t~veen the specified forcr gradients imd tllosc
that M_eremeasured for the test tiirplanc is somewhfit vagl](e
in that the limit load factor varies with gross weight, ‘~ll(!
limit load factor of the test airp]finr is ~g at tht’ tlesign gross
weight, of 105,000 pounds but is ref{ucc([ to 2.67g at 120,000
pounds (a more normal opemtiug gross weight). \Yith
either limit load factor, ho)vev~rj the force gradients for the
test. airpIane \vitlkout boost are apprwiabIy almvc the uppt~r
specified limit; whereas, with a boost ratio of 2.8, the forrc
gradients arc entirely within the specified limits. T1](*.force
grrdicnts of the test airplan~ ]vith a boost ratio of 4.6 IYerc
near or somewhat Mow the lower sp(’rified limit,

The effect of low force gradirtlts on the prob~bility of
exccccling the limit load factor durillg abrupt, evasive nm-
neuvers was not investigat~’d because an evaluation of this
effect would require an extremely great. amount. of iligh L
experience with airpIanes having Iow force gradients. For
airplanes with vcr~- low Iimit Ioad factors, the rang[’ of
controI-force gradients dictated by ha n(Iling-qud ities consi(ler-
ations may ttmd to endanger the struct.uraI int(!grity of tll(’
airplane; for this ctise, an immediatt! nwl is indicated for a
means of load limitation other th}in tI)(z controI-forw grfi-
dienk encountered in norrmd flying.

The effect of the magnitude of tll(’ ek’va~or-con~rol forfo
gradients on the handIing qualities of the test airplanu (l~ir-
ing ]andings is indicated in figure 8. ‘riIn(! histories of
three landings arc presented. A hmling ~vithout boost, is
shown in figure 8 (a), a landing with boost ratio 2,8 is shown
in figure 8 (h), and a landing with lmost, rtit.io 4.6 is shu!vn ill
figure 8 (c).

The time histories indicate that pilot twhniquc in perfor}~~-
ing landings is simila~ regardkss of the magnitude of LIL(I
control forces. In general, control was applie(I during the
test Iandings by a series of abmpt &ppIicntions of pulI forw
followed almost immedia.tely by a pmtial release of the forre
without act uaIIy pushing on the stick. The peak pull for(w
which were applied during the Landings without boost wcw
generally about 80 pounds. This peak value is high in
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E1~,1’EEx.—’~lme histories of Lindims of the B-29 airpkmd sbowins th~ t’fkcts of wriwkmin contm-fores gmclient !Immzh u.+ of the bwstw.

I [,rrns of the physical cap:iIJiIities of a nornm I piIot w-kn using I indicative of appreciable work reqtlirwl on the ptlrt of the
{Inf, hand for controI application. Because controI vi-as pilot.
+tpp[ie([ in tin ~llrnost continuous series of zbrupt force During the I-anding with th~’ booster oper-at ing at boost
applications, the mag-nitu[{e of these peak forms is ako ratio 2.S (fig. 8 (b)) the peak pll]] forces lw(] were about 40
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FIGURE B.—Continued.

pounds. Although the peak force reduction over the condi-
tion of boost, off is apprecinbh?, the force reduction is not as

great as would be expected from the difference in boost
rat io. These results indicatb that, the_ pilot used larger
devator deflections to control the airplane when the forces
were reduced. For the landing with boost ratio 4.6 the
peak pull forces were about. 20 pounds (fig. 8 (c)) except
immediately before ground contact where the pilot. tippIied
rapid corrective control. This charact~vistic of applying
rapid corrections just, before touchdown was noted for
several other knclings where the booster was used; how-ever

without boost, such action was rarcIy taken, apparen~ly
because the forces involved were large.

Control-rate investigation,—There are several additional
results concerned with pilot technique during landings that.
are worth no t.ing. As shown in figure 8, the lmgest rwte of
ele~.ator motion invoh~ed in the abrupt, control applications
during Iandings was about. 40° per second. In spit~’ of these
rapid control movements, however, the time histories show
that the normal &cceIerations and pi ithing wlocit ics \verc
small and that abrupt controI deflections \vcrc applied over
such short time intervals that. the flight, path of the airpla [le
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ww not signifimntIy alterecl. These obsemations indic~te \ series of boost-on landings were made with the mw&mm
controI rate of the system restricted to low -dues. Time

histories of tb-rw landings using restricted coritrol rates in
the booster system are presented in figure ‘J. Iklcl@s with
rate restrictions of appro.timateIy 20°, 10°, and i“ per second
are show-u in figures 9 (a), 9 (b), and 9 (c), respeetirely.

During kmdings with restricted contro~ rates, the pilot
invariably ctdlecl for higher rates tban were availabIe just
before ground contact. ‘his condition is indicated in figure 9
by the dashed lines representing the maximum ava.iIabIe
controI rate. For these conditions, the piIot mored the

that the rapid contro~ application is merely a feature of pilot
technique.

TIIC prwdin: statements concerning the usual pilot
iwntrol technique used in landings may have au important
buaring on the maximum cent rol rat es thit are required in a
booster system. Since the airplane cloes not signi6cantIy
respond to control applications applied over a short time
interval, sat isfactory Iandin=m could possibIy be made w-ith
smoother control rnoveme~ts imvo~ving much lower rates of
controI motion. In order to in-restigate tkis possibility, a
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FiGt~RE Y.—Time histories of landings of the B-29 &irplanc showing the effects of variation in ma~imtrm available rok d Cdrd mOliOn W?~k’~ ~IY thr ~~wt~r. ~o~st rflt@i ~.~,

mnt 1’01sticli faster them the rate at which the elevator lvas
lklf}v{d hy the booster, but these differences in stick and
elevator rate did not, exist over a sufficiently long time
int(’rval to cause the pilot’s stick to contact the fiwcl stops
ill (Ile system (1 )i” error in position). The l~g in the elevfitor
mot ion even for the ltirgest r>ttc’restriction u-as never large
etlf]I@l to he detected by the pilot, in terms of the airpl:) n~~
f’[’s])O1ls(’.

Also indicate’cl by the time histories in figure 9 is a pro-
(Y1~,~si\.ercduct ion in tIlc rut c u.hicll the pilot moved the sticke
as the availabk elevator rate wxzsreduced, e~-en though the
stick coukf he mow] at any desired rate within the fixed
stop limits. This result, apparently stems from the force
f(wlhtick of the preIoadcd springs which COIUIWted the
push-pull rod to f.hc pump control arm. These springs
de fkcteci whenever rates higher thnn the maximum awtikhle

were calle(l for by the pilot,. ~llthough this force f(!c(lIw*k
was not. object.ionabk to the pilots, th~’re is a possibility of
making this force feedback smalI (wcfik springs) and elinli-
rmting the fixed stops in the system. With such modifica-
tions the pilot could move the stick tvithout limi~ at, :~ny ra((~
though the system ra(c was restricted. The pih)t WOUI([
then htive no indicatiolk of a restricted late of wntrol lllot il)ll
unless the restriction could be (let (wII’[1 in the response of
the airplane.

With the system as used for th’ ])rmetlt 1(s(s, tll(’ pilots
feIt that, the handling cpmlit ies of th{’ :tirpkn(e Iveru sat is-
factory c~en with the control mte rcstrichvl to the IONTS[
-wdue of 7° per second. As mentioned prrviously, sonw .
dctoetion of the rate restriction was possil~lu bccnusc of the
forces applied by the preIoaded springs, Appnrci~dy lm
real sense of lnck of control was encountered, howe~ci-,
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possibly bemuse the pilot couId continue to mow the stick
}i.gtiinst the spring force.

l)uring several Ia.ndirgs with restricted coritroI rates the
I~ilot intentionidIy stm-twl the landing flare welI otl the
~muIld ~Hd htid tO Comect. for this error. Other landin~%

~vvre made in which the flare w-as clelayecl beyond the point
~vlwre it N-ould norrna Ily htive been initiated. E-ren with the

[owwt available controI rates used in these tests, no corn-
]]Iications W-vre in\-olved in correcting for these conditions.

:iIt~oLlgh Fwdts are presented herein only for kndings,
Lvhich \vere felt to be the most irnportfint maneuver from the
standpoint of rate of tk-ator motiou, the hand~iog charac-
tt’ristics of the test airpIane with restricted controi rates
~vt~requalitatively investigated for other flight conditions.

SYSTEM 3s9

.Xo unsatisfactory characteristics -were evideut during normal
take-off where the controI stick is heId forward untd take-off
speed is approached and then gradually puIIed back to lift
the nose wheel. &mther take-off technique was ako
in-restigated as being more critical thm the norrnd pro-

cedure. For this test, the stick was held fulI back from the
beginning of the takeoff run. l_Tnclerthese conditions, the
airpIane has an unstable pitching tendency when the nose
wheeI rises off the ~ground, but even with the Iowest am.iIabIe
rate of eIevator motion, the piIot experienced no dficuIty
in controlling tkis pitching tendency. During the tests, the
pilots could easily contzct the fixed stops [1 }4° error in stick
position) during taxying and a.Iso in flight. by purposel-y
rnoting the stick in an abrupt manner. ln normaI rna~euvers,
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other than kmrlings, however, the elevator rates used
did not excwd a value corresponding Co the greatest rate
restriction of 7° per second.

TIIe results of this investigation indicate that, awplanes
may llai-e satisfactory handlin,g qualities with a booster
hawing much lower control rates available than those nor-
mally used h> pilots. These results, however, me not
intended to provide a quantitative inclimtion of minimum
satisfactory control rates since they apply strictIy to the tes~
airplane in the configurations used in the tests. The static
stabilit~- characteristics of the ttist airpIanc shown m figure
5 indicate that, w~ the test wut.cr-of-gravity position only
moderate variations of elevator deflection with normal-force

coefficient !rere required.
center-of-gravity position

22 24

more foruzrd

control rates

would be necessary in order to provide satisfactory control
characteristics. In addition, past l]alldling-quali ti~’s experi-
ence on other airpIane iypes indicates a possibility tlmt
higher rates of controI motion wouki hf’ required ou smaller
airplanes.

CONCLUSIONS

R1easwements of the longitudinal sta.l~ility an(l rontroi
characteristics of a Boeing B-29 airplane l~ave Lecn made
wt.h a controI-surface lmoskr inc.orporattwl in t.llc elc\”ator-
controI sys tcm. .Wfwts of }vwiations in t.hc’ magnitude of
the piIot’s control force were determined as WL’11m efrwts of
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variations in the masimurn rate of control motion supplied
fly the booster system. The foIIow@ conclusions mere
~[rawn:

1. Tht.I Longitudinal stability and control characteristics
of the B–29 ai~plane were not significantly aItwed through
use of the booster except for a reduction in the mamtitude of
the controI-force gradients.

2. The ele-rater control-force variations mith normal
Zlt,[,c,[eration for tile B-29 airplane without boost w-me about
I-MIpounds per g at an indwated airspeed of 250 miles p(’r
llt)iir and about 90 po~lmls per g at 160 miIes per hour. The
pilots conducting these tests felt thtit the control forces
Jvithout boost were tolerable but heavy.

:;. Use of the>booster to adjust the con.tro~-force gradients
to about ,50 pounds per g at 250 miles per hour and about. 3(I

pounds per g at 160 miles per hour appreciably improved the

llandIing qualities of the test airplane.

4. Further reduction in control-force gradients through

itse of the booster to about 3(I pounds per g at XXI miles per

hour and about 20 pounds per g at 160 miles per hour stiLI

proricfed satisfactory coDtrol forces in terms of pilots’

opinions of their ability to controI the airplane precisely in

Imrmal flight maneuveI-s. From considerate Ion of the lum-

(Iling qua]ities three force gradients were more satisfwtory

than those encountered without boost but were not so

tlesii-able as the range stated in concision 2. The effect

of these lower force ~gradients or the probal Jility of exceeding

tile limit Ioad factor could not be’ investigated.
.5. The highest rate of elevator-control motion used by the

pilots during landings of the tes~ airpIane was about +0°
pvr second. The highest rate of control motion obtaked
w-hen the pilot plwposeIy moved the control rapidly m an
~brup~ pull-up was about io” per second.

U. Durky the part of the Iandiogs where high controI
rates were used, large control deflectio~s were held for such
short. time inter-rals that the fight path of the airphme was
not significantly aItered.

;. I)urirg boost-o~ lantlings Rith the avaikbIe rate of
{.ont ml motion restricted to wdues as low as To per second,
no unsatisfactory control characteristics were encountered.
Tl~e pdots did not note any undesirable restrictions on their
tibility to move the controI stick rapidIy regardless of the
rate of control motion a~-ailable possibIy because the stick
mIIIld be moved at an-~ rate desu-ed (against light preIoaded
springs;} unt iI an error of 1~i” was attained between the stick

ancl the control surface. This Iarge a value of error was not
encountered dur~~ these landings.

8. Qualitative in~-estimation of other fli@t coalitions such
as talw-offs and normal ff~tig imIicat ed that no tmsat isfac-

torj- control cltaraeteristics resulted from restricting the rate

of control motion to 7° per second.
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TABLE I

GEXER.+L SPECIFIC.% TIONS OF B–29 AIRPLANE

GeneraI:
Msaufacturer----- ___----- _--. __. _.____ Boeing Aim-aft Corp.
Tjpe- . . ____________________________________ TB-29-56-BIY

Engines:
31anufaet war _____________________ N-right .<eronauticaI Corp.
Type------------------------------------------ R3350-23.A
Normal rating ------------------------- 2,000 hp at 2,400 t-pm

PropeUers:
Manufacturer ____________________________ Hamiiton Standard
Hub ~-O----------------------------------------- 24 F60-35
BIade Xo_________________________________________ 6521 A-6

Wing:
Area (iucILLding ailerons), sq ft_________________________ 1, 739
Area (flaps e.stended), sq ft____________________________ 2, 071
.k5peet. ratio _________________________________________ 11.5
Taper ratio __________________________________________ O. 43
Aileron area (total), sq ft_____________________________ 129
Flap area, sq ft______________________________________ 332

Horizontaltail:
&ea, sqft __________________________________________ 333

Aspect r8tio ----------------------------------------- 5.55
Taper ratio __________________________________________ 0-42

EIevator area, sq ft___________________________________ 115

Vertical taiI:

Fin area (incIuding dorsal), sq ft _______________________ ~3~

Rudder area, sq ft____________________________________ 65-5


